The extent to which counterions bind to polyelectrolytes influences a variety of polymer-based applications, including polyelectrolyte enhanced ultrafiltration and forward osmosis using polyelectrolytes as draw agents. Potentiometric titrations of poly (2-vinylpyridine) (P2VP), poly (3-vinylpyridine) (P3VP), and poly (4-vinylpydine) (P4VP) were performed using HBr, HCl, HNO 3 , and HClO 4 in both the presence and absence of added NaCl. Because of the systematic differences among the three polyelectrolytes, titration results provide insight into the role of polymer structure in the relative extents to which various counterions bind. Titration data reveal that ionization properties vary as functions of polymer investigated, titrant used, degree of protonation, and added salt concentration. Acid dissociation constants of the pyridinium moieties were found to generally increase with increasing degree of protonation, though appreciable differences were exhibited among the three polymers investigated. For all three polymers, Cl − demonstrated the lowest affinity for the charged pyridinium residues, while the affinities associated with Br − and 3 NO − were nearly identical to each other. The relative extent of binding for 4 CIO − varied across the polymers investigated, and was greatest for P4VP.
Introduction
Aqueous solutions of responsive polymers, the properties of which change according to bulk conditions, are used in a variety of colloid-based processes [1] - [4] . Of particular applicability in these processes are pH-responsive polymers that contain acidic [5] or basic [6] moieties. Common polyacids include polyacrylic acid and polymethacrylic acid, while polybases include polyvinyl amine and polyethylenimine. These polymers are used in a variety of applications including drug delivery, wastewater remediation, adhesion, lubrication, and colloid stabilization. Because properties like solution density, viscosity, polymer charge density, counterion binding, and polymeric conformation are greatly influenced by the degree to which pH-responsive polymers are protonated, their ionic equilibria are of immense interest.
The polybases poly(2-vinylpyridine) (P2VP), poly(3-vinylpyridine) (P3VP), and poly (4-vinylpyridine) (P4VP) (Figure 1 ), have been investigated for use in wide-ranging applications. The structures of these polyelectrolytes impart exploitable properties to materials, like membranes and gels, made from them. Investigations exploring the uses of PVP include the stabilization of non-aqueous emulsions [7] and [8] by P2VP; stimuli-responsive nanoparticles, nanogels, and capsules made using P3VP [9] ; the action of colloidal silica films on nano-composites [10] , the removal of perchlorate from aqueous solution [11] , protonation and diffusion phenomena in weak anion-exchange membranes [12] , the encapsulation of multi-walled carbon nanotubes [13] , the preparation of micro porous membranes [14] , and the isolation of free amino acids [15] using P4VP. The results of many of these investigations demonstrate the importance that the degree of protonation has in influencing the aqueous solution properties of PVP; properties like viscosity, swelling, and especially counterion binding.
The concept of condensation of counterions around a charged polymer was introduced by Oossawa in 1957 [16] and later expanded by Manning [17] . In his simple twostate model, Oosawa considered counterions to be either "bound" to the polyion or "unbound" in bulk aqueous solution. Affecting the extent to which counterions bind is the electrical potential of the polyion. Equation (1) represents Oosawa's relation between the apparent degree of polyion dissociation (β), the apparent volume fraction in which bound counterions are located (φ), and a dimensionless quantity describing the electrical potential of the polyion (P).
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The electrical potential parameter is greatly influenced by the spacing of charged moieties along the polymer and its degree of protonation. With the spacing between charged sites increasing in the order P2VP < P3VP < P4VP, the titration behavior of the three PVPs provides insight into the influence of P and degree of protonation on counterion condensation. Several studies have investigated the degree of protonation and other solution properties of the PVPs, beginning with Fuoss and Strauss [18] . Kirsh et al. [19] investigated P2VP and P4VP in alcohol-water solutions via potentiometric titration with HCl. Satoh et al. [20] titrated P2VP and P4VP with HCl and benzenesulfonic acid to assess the influence of hydrophobic interactions on counterion binding. Yoshida [21] investigated the potentiometric titration properties of P4VP with HCl as a function of polymer molecular weight, observing that it did not influence ionization in the range 13.4 kDa to 223 kDa. Roach et al. [11] titrated P4VP with HCl and HClO 4 in the presence and absence of added NaCl to assess the effect of ionic strength on the apparent polymer dissociation constant. Because the PVPs are water-soluble only at a sufficient degree of protonation, pH adjustment provides a mechanism whereby polymer can be recovered for reuse in applicable colloid-based processes, making PVPs potentially desirable in these applications. In some colloid-based applications, like polyelectrolyte-enhanced ultra filtration (PEUF) processes, a higher degree of counterion binding is desired [22] ; in other applications, like desalination by forward osmosis (FO) where polyelectrolytes or charged nanoparticles are used as draw agents, a lesser degree of counterion condensation leads to higher draw solution ionic strengths and greater water flux values [23] . In this study, potentiometric titrations of aqueous solutions of P2VP, P3VP, and P4VP were performed using HBr, HCl, HNO 3 , and HClO 4 . The apparent polymer dissociation constants were determined as functions of degree of protonation for each of the strong acids used. These data were then used to assess the relative extents to which the various counterions bind to the respective polymers.
Materials and Methods

Chemicals
Poly(2-vinylpyridine) with an average molecular weight of 40,000 Da and poly (4-vinylpyridine) with an average molecular weight of 50,000 Da were obtained from Polyscience Inc. Poly(3-vinylpyridine) with an average molecular weight of 50,000 Da was obtained from Apollo Scientific Limited. The molar concentrations of polymer solutions are reported in terms of their respective monomeric units. Solutions were prepared using reagent grade sodium chloride, hydrobromic acid, hydrochloric acid, nitric acid, perchloric acid, potassium hydrogen phthalate, and sodium hydroxide.
Polymer solutions were prepared by placing approximately 0.26 g of PVP in a 60 mL bottle along with an aliquot of specified strong acid, a 12 mm stir bar, and enough water to fill the bottle about two-thirds. The sealed mixture was stirred upright for several hours and then inverted for additional stirring until full dissolution was achieved. Finally, the contents were washed into a 100 mL volumetric flask. This manner of prepa-ration avoids clumping of polymer on the vessel walls and hastens the dissolution process.
Potentiometric Titrations
Solution pH values were determined using a Thermo Orion model 3 Star pH meter equipped with a 9102BNWP electrode calibrated using Gran plots created by the software GLEE [24] . The calibration provided accurate readings in the pH range 2.0 -5.0. For all potentiometric titrations, the concentration of polymeric pyridine residue was approximately 0.02 M and the initial volume of polymer solution was 30.0 mL. Standardized strong acid titrants were approximately 0.1 M in concentration. Aqueous polymer solutions required an initial partial protonation of between 30% and 55%, depending the polymer and counter-anion being investigated. A Grant Instruments Ltd. model GP200 constant temperature water bath maintained the solutions being titrated at 25.0˚C ± 0.1˚C throughout all experiments. Titrations were performed in triplicate and average pH values were used in calculating the apparent acid dissociation constants, pK a,app . Standard deviations from the triplicate readings were small, equating to < 0.02 pH unit.
The acid dissociation constant K a,app for protonated PVP can be expressed as in Equ-
where [P] and [HP + ] represent the concentrations of deprotonated and protonated pyridine residues in solution, respectively, and a H is the activity of bulk proton. Taking −log 10 of both sides provides Equation (3) .
[ ] a,app HP pK pH log P
The total concentration of pyridine residue in solution, P tot , is defined by Equation (4). The degree of
protonation at a given pH value, α, was determined as the difference between the moles of strong acid added, n HX , and that required to achieve the same pH in a blank sample at the same approximate ionic strength, n blank , using Equation (5).
Ionic strength values, I, were calculated assuming no polymeric contribution. All activity coefficients, i γ , needed to relate measured activities to concentrations were calculated using the Davies equation (see Equation (6)). 
Combining and rearrangement of Equations (3)- (5) provides Equation (7).
a,app pK pH log 1
Variations of pK a,app with α have been used previously to infer polymeric conformational transitions [14] and to evaluate changes in thermodynamic parameters associated with protonation [25] .
Results and Discussion
Polymer Dissolution
As mentioned previously, appreciable protonation of the polymers was required to achieve dissolution in water. The minimum protonation needed varied as a function of polymer and strong acid used, but was generally in the range of 30% -55%. The range is in agreement with that reported by Satoh et al. [20] for P2VP and P4VP using HCl; by Mika and Childs [14] for P4VP using HCl; and by Roach et al. [11] for P4VP using
HCl and HClO 4 . This variation is attributable to the extent to which the counter-anions bind to cationic sites on the polymeric strand. A greater level of binding requires a higher degree of protonation to achieve dissolution. From each titration performed, the pK a,app at α = 0.55, pK a,app(0.55) , was determined and used to compare behavior across the polymers and acids studied; 55% protonation is the lower limit of solubility for P3VP and P4VP with 4 CIO − counterions. A similar technique was employed previously by
Yoshida [21] when assessing the aqueous solution properties of P4VP with HCl.
Polymer Titrations in the Absence of Added Salt
The dependences of pK a,app on α for P2VP, P3VP, and P4VP, in the absence of added salt, are depicted in Figures 2-4 . For all three polymers with all four strong acids studied, pK a,app is observed to decrease with increasing α in the range α = 0.4 -0.8. This trend is attributable to the increasingly cationic character of the solvated polymer at higher α values. Protonated pyridine residues repulse hydronium, thus hindering their acquisition by neighboring residues and increasing the observed acid dissociation constant.
While the general trend is deceasing pK a,app with increasing α, the slopes vary across the three polymers investigated. This variation can be evaluated by incorporation of a factor, q, into an expression similar to Equation (7), except pK a is now the intercept of pH vs.
Values for parameter q were obtained from plots of pH vs. 1 log α α −       and are summarized in Table 1 . Parameter q is generally greater than 1 and is observed to increase in the order P4VP < P3VP < P2VP. This trend is likely due to varying electrostatic interactions along the respective polymeric chains, which hinder protonation of neighboring pyridine residues to differing extents; larger q values indicating greater repulsion. NMR studies conducted by Emsly [26] on pyridinium revealed that greater than 70% of positive charges are delocalized across the protons, α carbons, and their α hydrogens. Because these moieties are closer on P2VP than on P3VP, which in turn are closer than those on P4VP, repulsive interactions are greatest within P2VP and are least prominent within P4VP. In their studies of P2VP and P4VP, Satoh et al. [20] observed that P2VP solutions had higher viscosities than P4VP at a given α value, suggesting that P2VP adopts a more elongated conformation because of increased repulsion between Differences in pK a,app at a given α, for a given polymer, are attributed to the varying extents to which the strong acid anions bind to protonated pyridine residues. Higher degrees of counterion condensation reduce the effective charge on the polycation, thus providing greater pK a,app values. These differences are exploited to assess the relative udophases. This partitioning has been exploited as a removal strategy in PEUF using poly(diallyldimethyl ammonium) chloride [22] and [31] . When studied as a precipitating agent with poly (1, 2 dimethyl-5-vinylpyridinium chloride), Similarly, Cook and Riley [32] found that P2VP micro gels demonstrate greater affinity for Cl − than 4 CIO − in the range α = 0.4 − 0.6. Clearly many factors, both polymeric and counter ionic, influence binding behavior, necessitating experimental assessment using a method like potentiometric titration. Several parameters have been suggested to correlate the extent to which various anions bind to cationic polyelectrolytes, some of which are provided in Table 2 . Thermochemical radius and dehydration energies are commonly used in explaining binding phenomena. The results of Ochiai et al. [27] correlate well with the electron donor constant, E n , an empirical parameter representing an anions hardness and polarizability.
Burkhardt et al. [29] suggest using ionic polarizability values, but their results correlate poorly with 4 
CIO
− . The addition of a single methylene spacer, in going from poly (vinylammonium) to poly (allylammonium), leads to markedly different binding results [25] and [27] . In much the same way the present study demonstrates the position of the nitrogen atom in relation to the polymeric backbone greatly influences the relative extents to which anions bind to PVPs. Interestingly, Table 2 also provides values for the intrinsic acid dissociation constants in the absence of neighboring electrostatic interactions, pK 0 , which were linearly extrapolated as the value of pK a,app at α = 0 in 0.10 M NaCl. Previous studies provided pK 0 values for the monomer analogs 2-ethylpyridine and 4-ethylpyridine in 0.1 M NaCl, which are 6.04 and 6.14, respectively [20] . These values are considerably higher than those extrapolated for pyridine residues on the polymers studied. Kirsh et al. [33] attribute the decreases in pK 0 values in polymers to lower effective dielectric constants associated with the local environment in the vicinity of the polymer backbone; the pyridine residue preferring to remain uncharged when in a medium of lower dielectric constant. However, no differences in pK 0 were observed among the three polymers in 0.1 M NaCl despite the position of the nitrogen moving relative to the alkyl chain. This is likely a result of the mitigating influence of the added salt. Marked changes in ionic strength at low and high degrees of protonation prevent meaningful extrapolations of pK 0 in the absence of added salt. Figure 5 demonstrates the effect of added NaCl on the titration behavior of PVPs with HCl. The pK a,app values for all polymers increase across the α range investigated in the presence of NaCl, further illustrating that there are strong electrostatic repulsive forces between both neighboring pyridinium residues, and between those residues and hydronium. The addition of competing Cl − counterions serves to reduce this repulsion, thus enhancing the ease with which the pyridine moieties are protonated and increasing pK a,app . Because of water's high dielectric constant, these results are best explained in terms of electrostatic interactions taking place through the polymer as opposed to through the solution. Viscosity measurements of P2VP and P4VP solutions by Kirsh et al. [19] further illustrate this mechanism of interaction. In addition, very similar values for the intrinsic acid dissociation constants, pK 0 , were obtained for all three polymers. These results demonstrate that no single, simple theory or parameter adequately predict polyelectrolyte-counterion binding behavior. Potentiometric titrations, in the absence of added salt, provide a convenient method of assessing relative binding affinity.
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